The fatty acid, polar lipid, wall amino acid and menaquinone composition of 26 representatives of the genera Actinopolyspora, Faenia, Pseudonocardia, Saccharomonospora and Saccharopolyspora were determined. The fatty acid methyl esters were analysed by capillary column G C and the resultant quantitative data examined using principal components analysis. The amycolate wall type IV organisms were recovered as two clearly separated groups along the first principal components axis. Group I contained Faenia rectivirgula, Saccharopolyspora erythraea, S . hirsuta and Pseudonocardia thermophila. Actinopolyspora halophila was loosely associated with these organisms. Group I1 contained Saccharomonospora caesia and S. viridis, Pseudonocardia (Amycolatopsis) azurea and 'Pseudonocardia (Amycolatopsis) fastidiosa' and was more heterogeneous than group I. The results of the isoprenoid quinone and polar lipid analyses supported this classification based on statistical analysis of fatty acid data.
INTRODUCTION
Sporoactinomycetes which contain meso-diaminopimelic acid, arabinose and galactose but not mycolic acids in their cell envelopes (wall chemotype IV) were considered to form an aggregate group, the micropolysporas, by Goodfellow & Cross (1984) . The aggregate group currently contains the genera Actinopolyspora, Faenia, Pseudonocardia, Saccharomonospora and Saccharopolyspora. Most of these taxa are morphological in concept and further work is needed to determine their detailed taxonomic relationships.
Lipid analyses are widely used in bacterial systematics and have provided much useful information for the classification and identification of actinomycetes (Goodfellow & Cross, 1984) . The most valuable studies have concerned the analysis of long-chain fatty acids, isoprenoid quinones and phospholipids. Previous analyses have shown that amycolate wall IV actinomycetes contain mainly iso-and anteiso-methyl branched fatty acids, tetrahydrogenated menaquinones with either eight or nine isoprene units and a variety of phospholipids (Gochnauer et al., 1975; Collins et al., 1977; Lechevalier et al., 1977; Kroppenstedt, 1985; Embley et al., 1986 Embley et al., , 1987 . In the present investigation 26 representatives of Actinopolyspora, Faenia, Pseudonocardia, Saccharomonospora and Saccharopolyspora were examined for their detailed cell wall amino acid, fatty acid, isoprenoid quinone and polar lipid composition. The quantitative fatty acid data, obtained using high-resolution capillary column GC, were further analysed using multivariate statistics. $ Binomials in inverted commas are not on the Approved Lists of Bacterial Names (Skerman et al., 1980) and have not been validly published since 1 January, 1980.
M E T H O D S
Strains and growth conditions. With a single exception the test strains (Table 1) were grown in shake flasks of nutrient broth (Oxoid CMl) for 72 h at either 30 or 45 "C. Actinopolyspora halophila was grown in a complex broth medium containing a high concentration of sodium chloride for 10 d at 30 "C (Gochnauer et al., 1975) . Cultures were checked for purity, killed by shaking with formalin (1 %, v/v), harvested by centrifugation, washed with distilled water and freeze dried.
Extraction and analysis of fatty acid methyl esters (FAMEs). Dried biomass (about 30 mg) was degraded by acid methanolysis (Minnikin et al., 1980) and analytical and preparative TLC of the methanolysates was done as described previously (O'Donnell et al., 1982) . Capillary GC (CGC) on polar and non-polar columns and CGC-MS of the FAMEs were done using published procedures (Embley et al., 1987) . Retention times and relative proportions of each FAME were determined using a Shimadzu CR 3A computing integrator.
Data were standarized before numerical analysis to remove the effects of sample size. For each chromatogram, the CR 3A divided each peak by the total area and multiplied by 100. Peak areas below 1 % of the total area were not reproducible and were consequently omitted from the data base. The standardized data were examined by principal components analysis and the results plotted as a three-dimensional ordination using programs written in PASCAL on a PRIME minicomputer.
Extraction and anal-vsis ofpolar lipids and isoprenoid quinones.
The small-scale procedure of Minnikin et al. (1984) was used to extract these lipids from samples (about 150 mg) of biomass. Purified quinones were analysed by MS and quantified by reverse-phase HPLC (Collins, 1985) .
Polar lipid patterns were obtained using methods developed by Minnikin et al. (1984) . Choline-positive spots were detected on thin-layer plates using Draggendorf's reagent (Wagner et al., 1961) . The polar lipids were also subjected to mild alkaline deacylation and separated by paper chromatography using 2-propanol/water/ammonia (7 : 2 : 1, by vol.) as developing solvent (Kates, 1975) . Phosphatidylethanolamine, phosphatidylmethylethanolamine and lysophosphatidylethanolamine, obtained from Sigma, were used as standards.
Cell wall amino acid analysis. Cell walls and heptafluorobutyrate isobutyl ester derivatives of amino acids were prepared as described by O'Donnell et al. (1982) and analysed using CGC (Embley et a f . Chemotaxonomy o j some actinomycetes 955 forms of diaminopimelic acid were determined by chromatography of cell wall hydrolysates on cellulose thin-layer sheets (Eastman Kodak 13255) using the method of Staneck hi Roberts (1974) .
R E S U L T S AND DISCUSSION
TLC analyses of whole-organism methanolysates revealed major components ( RF 0.8) in all strains which corresponded to non-hydroxylated FAMEs, (Minnikin et al., 1980) . Mycolic acids were not found in any of the test strains although Pseudonocardia azurea, P. thermophila and all strains of Saccharomonospora and Saccharopolyspora contained components which cochromatographed with the methyl ester of 2-hydroxystearate (RF 0.2).
All of the strains had qualitatively similar fatty acid profiles consisting of iso-, anteisoand 10methyl branched saturated, isobranched mono-unsaturated, and straight-chain saturated and mono-unsaturated acids. These data are in good agreement with earlier studies, although 10methyl branched fatty acids have not previously been reported in strains of Actinopolyspora, Pseudonocardia, Saccharomonospora and Saccharopolyspora erythraea (Lechevalier et al., 1977 ; Kroppenstedt, 1985) . However, the presence and amount of 10-methyl branched acids may be markedly affected by growth regime and culture age (Kroppenstedt & Kutzner, 1978) . Pseudonocardia thermophila and strains of Faenia rectivirgula, Saccharopolyspora erythraea and S. hirsuta also contained 10,15-dimethylhexadecanoic acid, a compound that has been reported in Saccharopolyspora hirsuta but not in other actinomycetes (Embley et al., 1987) . Major amounts of 13-methyltetradecanoic (iso-C 1 3 , 14-methylpentadecanoic (iso-C 16), 15-methylhexadecanoic (iso-C17) and 14-methylhexadecanoic acid (anteiso-C17) were found in all of the strains. Fig. 1 presents the result of applying principal components analysis to the fatty acid data from all of the test strains and represents 57% of the original sample variation. The test strains fell into two clearly separated groups on the Fig. 1 . Three-dimensional plot of the first three principal components (PC1, PC2, PC3) derived from the quantitative FAME data for the test strains. The plot represents 57% of the between-strain variance. Asterisks indicate that the culture was grown at 45 "C rather than 30 "C. rectivirgula, Saccharopolyspora erythraea, S . hirsuta and Pseudonocardia thermophila strains. It was interesting that S . erythraea was recovered closer to the strains of Faenia than to the representatives of S . hirsuta. Actinopolyspora halophila was associated with this aggregate group on the first principal component but was sharply separated from it on the second. Group I1 contained Saccharomonospora caesia and S . viridis, Pseudonocardia azurea and 'Pseudonocardia fastidiosa'. This group was less compact than group I and showed some evidence of structure on the second and third principal components. The strains of Saccharomonospora viridis were considerably more heterogeneous with regard to their quantitative fatty acid composition than strains of Saccharopolyspora hirsuta and F. rectivirgula. This agrees with the results of numerical phenetic analyses which suggest that S . viridis may contain more than one species (Goodfellow & Pirouz, 1982; McCarthy & Cross, 1984; Greiner-Mai et al., 1987) . 'Pseudonocardia fastidiosa' was recovered close to the saccharomonosporas whereas Pseudonocardia azurea was distinguished from the other strains in aggregate group I1 by its position relative to the second principal component.
The membrane fatty acid composition of bacteria can be influenced by temperature (McElhaney, 1976) , resulting in changes which are often subtle, difficult to predict and not apparent in all strains. In the present study the fatty acid composition of Saccharopolyspora hirsuta strains was not markedly affected by incubation temperature. In contrast, growth of Saccharomonospora caesia at 45 "C resulted in the production of more high-boiling-point straight-chain saturated fatty acids and lower levels of mono-unsaturated compounds when compared with the profiles obtained at 30°C. These different responses to temperature are reflected in the principal components analysis. S . hirsuta was recovered as a tight group unaffected by incubation temperature whereas the replicates of S . caesia were sharply separated.
Components that co-chromatographed with vitamin K 1 and gave mass spectra characteristic for menaquinones were the only isoprenoid quinones detected in the 26 test strains. The results of the quantitative quinone analyses (Table 2) showed that all but one of the strains contained tetrahydrogenated menaquinones with nine isoprene units [ MK-9(H4)] as the predominant isoprenologue (48-96 %). Within-taxon variation in the relative amounts of different isoprenoid quinones may have been due to variation in culture age, as demonstrated by Saddler et al. (1987) for Streptomyces cyaneus ATCC 14923. Nevertheless the major quinones detected correlate well with qualitative data from previous studies (Collins et al., 1977 ; Kroppenstedt, 1985 ; Labeda, 1987) . The presence of MK-8(H4) as the major quinone in Pseudonocardia thermophila provides a useful character for differentiating this species from other wall type IV actinomycetes which lack mycolic acids. The characteristic patterns obtained by two-dimensional TLC of polar lipids extracted from the test strains are shown in Fig. 2 . All of the organisms contained diphosphatidylglycerol (DPG), phosphatidylglycerol (PG) and phosphatidylinositol (PI) and all but Actinopolyspora halophila contained ninhydrin-positive phospholipids (PN 1,2, 3 and 4) . The chromatographic and staining behaviour of these latter components and their phosphate esters allow them to be tentatively identified as hydroxyphosphatidylethanolamine (PNI), phosphatidylethanolamine (PN2) and phosphatidylmethylethanolamine (PN3). Strains of Faenia rectivirgula contained an additional component (PN4) which was less polar than phosphatidylmethylethanolamine. Multiple derivatives of phosphatidylethanolamine have previously been reported in Faenia, Pseudonocardia thermophila, P . azurea, Saccharopolyspora erythraea and S. hirsuta (Lechevalier et al., 1977; Kroppenstedt, 1985 ; Labeda, 1987) . Minor differences between the present results and published data indicate that phosphatidylethanolamine composition may vary, and highlight the difficulties in assigning structures by chromatography alone.
Choline-positive phospholipids (PC), which showed similar chromatographic behaviour to phosphatidylcholine, were detected in strains of Actinopolyspora halophila, Faenia rectivirgula, Saccharopolyspora and Pseudonocardia thermophila but not in the remaining test strains. These results both confirm and extend those of previous studies (Gochnauer et al., 1975; Lechevalier et al., 1977) . It is encouraging that the distribution of phosphatidylcholine reflects the subdivision produced by the fatty acid analyses (Fig. 1) . The detailed polar lipid patterns for representatives of Faenia, Pseudonocardia and Saccharopolyspora showed some variation. The majority of Faenia t Small amounts of unidentified components were detected in most strains.
3 Abbreviations exemplified by MK-9(H4), tetrahydrogenated menaquinone having nine isoprene units.
rectivirgula isolates contained two choline-positive spots and a striking series of nine glycolipids. In contrast, F. rectivirgula A163 contained two choline-positive spots, a large phospholipid absent in the other strains and only three glycolipids; this strain therefore appears to be misclassified since this pattern was also found in the Saccharopolyspora hirsuta strains. Saccharopolyspora erythraea and S . hirsuta could be distinguished, as the former contained only a single choline-positive lipid. The polar lipid patterns of the three representatives of Pseudonocardia were heterogeneous and it is clear that P. azurea and 'P. fastidiosa' are misclassified. The polar lipid pattern of Saccharomonospora caesia was only slightly different from those of representatives of S . viridis, which all produced the same polar lipid pattern. Actinopolyspora halophila produced a characteristic polar lipid pattern and can easily be differentiated from the remaining strains (Fig. 2) . All of the test strains possessed a cell wall based upon meso-diaminopimelic acid and contained alanine (1 -2-2.9 mol relative to glutamic acid), glutamic acid (1.0 mol) and glycine (0-5-2.3 mol) as major amino acids. These data support and extend the results of previous investigations (Schleifer & Kandler, 1972 
2'
The present data help to clarify the taxonomy of wall chemotype IV actinomycetes which do not contain mycolic acids, and provide useful features for their identification. The quantitative fatty acid analyses suggest that Faenia rectivirgula, Saccharopdyspora erythraea, S . hirsuta and Pseudonocardia thermophila are more closely related to one another than to the remaining strains. This is supported by the finding that all four taxa contain phosphatidylcholine and 10,15dimethylhexadecanoic acid. Representatives of these bacteria could, however, be differentiated on the basis of their detailed polar lipid patterns and menaquinone content. Chemotaxonomy of some actinomycetes 959 The lipid data support the generic rank of Actinopolyspora but show that Pseudonocardia azurea and 'Pseudonocardia fastidiosa' are misclassified in Pseudonocardia. Henssen et al. (1 987) have reclassified these strains as Amycolatopsis azurea and A . fastidiosa, respectively. The present data support these assignments (Lec hevalier et ai., 1986) . Saccharomonospora caesia shared a high degree of similarity in lipid composition with S. viridis. This is in agreement with the results of biochemical and morphological studies which show these strains to be distinct, but closely related species (Greiner-Mai et al., 1987;  D. Rose, personal communication).
